Abstract: Conventional waste management practices focusing principally on waste collection, treatment and disposal or even minimisation often prove insufficient to address resource management challenges in a sustainable manner. Taking into account the relationship between water provision, energy security and resource efficiency, a systems approach that delivers a strong information basis and provides opportunities for resource use optimisation at various levels of application provides opportunities for synergies that could deliver real benefits when cross-sectoral solutions are applied. By-products from sewage treatment in combination with organic solid waste such as food waste can provide a valuable source of energy if managed properly and utilised effectively. This way, waste can be seen as a raw material than can be turned into a resource rather than simply be discarded. As such, AD (anaerobic digestion), the co-digestion of food waste with sewage sludge, could become a strategic and cross-sectoral solution, if carefully applied, with the potential to convey beneficial synergies for the water and the waste industries. However, barriers to the development of such systems are diverse and often interlinked. Institutional frameworks, decision making constraints, and regulatory boundaries might still appear to require an answer for three different problems, but this can be overcome if presented as just three different parts of the same answer. Such synergies could deliver economic benefits from the additional renewable energy generated and its associated incentives, and savings on costs for the infrastructure required for the exclusive digestion of food waste.
Introduction


One of the most profound causes of waste generation is the way in which traditional production and consumption processes have been so entirely linear. While in the past, such processes were perhaps considered "efficient", when considering the whole life costs of production, it is hard to demonstrate a real benefit for these practices [1] . Similarly, the introduction of environmental management systems and clean production in industry in recent years, driven by more preventive approaches, mainly seeks to minimise waste and increase resource efficiency, thus, overlooking opportunities that lie across sectors, or in linking both ends of the chain.
Environmental management systems and clean
Corresponding author: Nikolaos Voulvoulis, Dr., research field: environmental management and policy. E-mail: n.voulvoulis@imperial.ac.uk. production applications in recent years have increased the environmental performance of industrial establishments and sectors and have also affected the economic performances and corporate prestige in a positive way. However, such initiatives are often constrained within the borders of firms or sectors and are driven by more preventive approaches, which mainly seek-for each production process-to minimise the generation of waste and increase resource efficiency. This has the drawback of overlooking opportunities that lie across sectors, or that could link both ends of the chain [1] .
Taking into account the relationship between water provision, energy security and resource efficiency, waste and environmental challenges-often too complex to address-provide opportunities for synergies that could deliver real benefits when cross-sectoral solutions are applied. Conventional
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waste management approaches focusing principally on waste collection, treatment and disposal or even minimisation often prove insufficient to address resource management challenges sustainably [2] . It is essential to focus on a systems analysis approach using information to identify opportunities for resource use optimisation at various levels of application.
This paper considers anaerobic digestion as a waste management option and reflects on the scenarios and calculations that evaluate its potential as an integral part of wider sustainable resource management, with a renewed focus on its role from a systems perspective.
AD (Anaerobic Digestion)
AD involves a series of processes in which microorganisms break down biodegradable material in the absence of oxygen. AD converts organic matter into biogas (consisting primarily of methane and carbon dioxide), a renewable source of energy, and digestate, a potentially valuable fertiliser and soil conditioner, and was originally used in the treatment of sewage sludge and agricultural manure and slurry [3] . Currently, it is commonly practiced in MSW (municipal solid waste) management throughout Europe. MSW is a heterogeneous waste stream that requires pre-treatment and post-treatment to digest. For this reason, AD facilities extend beyond the biochemical reactions and include a series of processes that involve the collection, pre-treatment, digestion, and digestate post-treatment of MSW that are often not properly accounted for or understood in policy making [4] . Depending on the MSW fractions and processes employed, AD produces biogas and digestate which may be appropriate for application to land or disposal as treated waste (Fig. 1) .
In the UK, AD has gained momentum in policy and policy making over the last years as a promising technology both as a MSW management option and a highly sustainable energy alternative. Total installed capacity in the UK in 2011 was found to be around 700,000 t with an average installed capacity of approximately 64,000 t. A number of incentives have been introduced to encourage the uptake of AD due to its potential to assist with the EU and national targets on waste management, renewable energy generation and reduction of carbon emissions [3] . Such incentives include: FITs (feed-in tariffs), for small-scale renewable electricity generation producers of up to 5 MWe; ROCs (renewable obligation certificates), for large-scale renewable electricity generation (> 5 MWe); RHTs (renewable heat tariffs), for heat used from biogas combustion in CHP (combined heat and power) (> 1,000 kWth) and the installation of a renewable heat system depending on the produced heat, type of technology and size of the system; and RTFO (renewable transport fuels obligation), for ensuring that a specified percentage of the total supply of road transport fuel originates from a sustainable and renewable source [3] . All fuel suppliers of at least 450,000 L of fuel a year are obligated; there are LEC (levy exemption certificates), for providing evidence of electricity supply generated from qualifying renewable sources that is exempt from the climate change levy [5] . In addition, a plethora of guidance and protocols has been introduced in the UK to improve the quality of the digestate produced in order to ensure its marketing potential [4] . Despite these initiatives, the implementation of AD for the treatment of MSW has been hampered.
Technical, operational, economic and regulatory constraints related to the AD process as a whole have slowed its uptake and application by the UK market. In addition increasing concerns regarding the reliability of food waste digestion have led to the investigation of its co-digestion with sewage sludge as an alternative [3] . At the same time, it is widely recognised that water treatment and distribution and wastewater treatment processes are very energy intensive, and could benefit from any initiatives that help in this area [6, 7] .
In the Context of a Resource Economy
In the traditional version of the modern economy, natural resources are mined and extracted, turned into products and finally discarded, with the traditional development model driven by heavy industrial growth and resource-intensive infrastructure. This remains a fundamentally open, linear system, and one that is likely to cause unsustainable pressures on the environment [8] . Rather than releasing high quality waste back into the environment while simultaneously paying to extract it as minerals through traditional mining of raw materials, it is more sustainable and energy efficient to close the loop (Fig. 2) [1] . Resource reuse can help to close the loop between supply and waste disposal, providing a sustainable alternative to the extraction of virgin stocks. Given the dual need to protect the environment and recognise the importance of natural capital, while at the same time, enhancing our economic prosperity and improving living standards of developing countries and the world's poor, achieving more from less by closing the resource loops is of paramount importance.
Properly accounting for natural capital in resources management first requires a more comprehensive understanding of the use and disposal of materials and their waste by-products, including those produced through resource extraction, material processing, product design and manufacturing, and of how products are consumed and move towards their end-of-life cycle [9] . Economies are largely dependent on linear systems where resources are extracted from virgin stocks before ending up as discarded waste after proceeding through a supply chain which itself produces waste at every stage [10] . While, the debate surrounding "peak minerals" and the potential threat posed by resource scarcity is ongoing [11] [12] [13] [14] [15] , it is nevertheless essential to address the inefficiencies of this system, especially when social and environmental constraints are taken into account in addition to physical ones [16] (Fig. 3) . Despite ongoing arguments on the availability of abundant geologic resources, it is still ethically responsible to manage properly all associated environmental, economic and social impacts associated with any increases in production [17] .
Discussion
The nexus of water, energy and materials is slowly becoming recognised as a system that needs to be examined, but solutions have so far not been nearly integrated enough to deliver overall benefits across the sectors, especially in view of the many emerging challenges facing resources management [1] . Rising global demand for energy and materials will also increase our impact on water resources, a trend exacerbated by these facts: that mining activities are increasingly taking place in water scarce regions, that climate change presents further challenges in terms of water scarcity, and that globally declining ore grades for many major commodities are likely to increase water demands for most future mines [18] . Meeting the growing demand for commodities will of course also bring additional demand for energy used in extraction, processing and transport, while, it is additionally evident that, material constraints could have an impact on the sustained growth of the renewable energy sector [19] [20] [21] .
While, it has been often accepted that, it is the responsibility of governments to impose solutions upon resource users in the form of regulation in order to achieve sustainable resource use, certain government policies have been shown to accelerate resource destruction. At the same time, some resource users have seen the benefits of investing in sustainable practices [22] . Achieving this sustainability, however, requires our many ecological/environmental, economic and social issues to be accounted for (Fig. 4) . A better understanding of demand and pressure on the existing resources, followed by appropriate pricing that is inclusive of all environmental costs, can light up the way for new opportunities for resource recovery through waste management.
It is essential to use appropriate pricing that is inclusive of all environmental costs and environmental externalities when making decisions and developing policies relating to the use of raw materials (e.g., from the mining sector) versus recycled materials from the waste sector. The carrying capacity of the natural environment is an unprized input to resource production, and it is increasingly accepted that, resource users should be made to pay for the environmental impacts they cause [23] . While, several methods for the monetary valuation of environmental impacts have been developed [24] , the internalisation of environmental costs has yet to become fully mainstream in practice [25] .
In addition, in light of increasing concerns regarding material security, shortages and environmental pollution, realistic frameworks have emerged for processing waste as a resource in many parts of the world [26] [27] [28] . More broadly, waste recycling and reuse can provide a viable opportunity to augment traditional resource supplies, at the same time reducing the need for waste disposal [29] . Sustainability requires that we do not address single issues in isolation, but instead adopt a systems approach with integrated solutions. If the whole system is considered, a wastewater treatment plant is not only an "end-of-pipe" solution to clean wastewater but can also serve as an energy producer. The interest in biogas is increasing and there is a large unused potential for maximizing the production of biogas, used for both heating and as a fuel in transport applications [30, 31] .
The water and wastewater sector could benefit from any technological developments and breakthroughs in these areas. Co-digestion is one such breakthrough, and its implementation through an interdisciplinary, integrated and holistic approach could be developed to a real sustainable solution [32] .
MBT (mechanical biological treatment) is a generic term for an integrated approach connecting different treatment stages. The success of this process lies in the fact that, it separates biodegradable and non-biodegradable MSW through mechanical means and then it either recycles the materials or uses them for energy recovery as refuse derived fuel [33] . Within such a system opportunities for environmental and commercial benefit can be presented. In the UK, the changing conditions of output markets, as well as planning issues associated with the negative public perception of certain technologies, affect the selection of technologies incorporated in MBT. Some of these drivers are conflicting and have resulted in applications of MBT that are unlikely to maximise commercial and environmental benefit [33] , with markets still under development. The lack of European standards for compost quality, and the variation in the quality of the compost-like output reported from country to country, contribute to this. In addition, while, efforts have largely focused on providing incentives for the generation of process outputs (e.g., heat and electricity), little attention has been paid to maximising the benefits from using these outputs. Excess heat, for example, is largely unused and wasted, and so are other materials that can be recovered during the process. Opportunities for using surplus heat can be diverse, especially if taken into account early in the project design stage.
Post-development modification is often challenging, due to constraints such as long distances between potential partners and difficulty of establishing collaboration between different sectors, among others [3] .
In general, barriers to the development of AD in the UK seem diverse and often interlinked. The risk of interdependence, the sensitivity of information disclosure and coordination issues discourage partnerships required to deliver resource efficiency. For AD to be sustainable, it is necessary to look beyond the boundaries of a single facility to develop synergies and collaborations between relevant stakeholders and regulators. The need for new regulatory frameworks that support development of MBT systems, opportunities for exchanging process outputs among different parties and geospatial planning for identifying suitable locations and mechanisms for material value to previously discarded outputs is clearly identified [3] . Only an interdisciplinary framework that integrates environmental, social and economic aspects in a holistic way, taking into account area, sector and material characteristics and practices, can deliver AD's sustainable potential.
